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Resum 
 
L’objectiu d’aquest projecte es realitzar un anàlisi del rendiment aerodinàmic d’una 
vela de parapent mitjançant programes de simulació que estalvien temps i tenen 
requeriments computacionals baixos.  
Per aconseguir aquest objectiu, un estudi en 3D de l’ala es dura a terme mitjançant 
el programa PARACHUTES, que és un programa de simulació computacional basat 
en teoria de flux potencial, complementat amb un mètode de panells inestable de 
baix ordre. Per tenir en compte els fenòmens viscosos, els efectes en l’augment de 
la capa límit i la separació de flux, es farà un anàlisi 2D mitjançant el programa de 
simulació XFOIL. 
Per efectuar aquest estudi, el model CAD en 3D s’ha de parametritzar i  s’han de 
configurar les condicions de contorn de forma adequada prèviament. A més, per 
l’estudi complementari en 2D, primer s’han d’adquirir les geometries del model 3D i 
també s’han de parametritzar. 
Primer, es farà un estudi dels contorns de la distribució del coeficient de pressió i 
velocitat. Després, es realitzarà una comparativa de dos perfils en 2D que formen 
l’ala. Seguidament, els paràmetres aerodinàmics comuns es determinaran i 
estudiaran: coeficient de sustentació (lift) (CL) , coeficient de drag (CD), coeficient de 
moment (CM). També es determinaran les equacions que defineixen els paràmetres 
anteriors. Finalment es realitzarà una comparació entre els resultat obtinguts en 
aquest projecte, amb els resultats de simulacions CFD facilitats per Niviuk Gliders. 
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Overview 
 
The aim of this project is to carry out an aerodynamic performance analysis of a 
paraglider by using simulation computational programs with low time cost and 
computational requirements, but still effective approach obtaining reliable results.   
To achieve this objective, a 3D analysis of the wing will be done using 
PARACHUTES, a simulation program based on a flow potential theory approach, 
complemented with an unsteady low order panel method. To consider viscous 
phenomenon, boundary layer thickening effects and flow separation, a 2D analysis 
will be done using XFOIL simulation program.  
To perform this study, the CAD 3D model has to be parameterized and the boundary 
conditions has to be properly configured previously for the acquisition of accurate 
results. Moreover, to complement it with the 2D analysis, these geometries are 
obtained from the 3D CAD model and some parameterization has been also done.  
First, a study of the pressure coefficient and velocity distribution contours will be 
done. Then, a 2D comparison of two airfoils that conform the wing will be analyzed. 
Next, the common aerodynamic parameters will be determined and studied: lift 
coefficient (CL), drag coefficient (CD), pitching moment coefficient (CM). The equations 
that define the previous parameters are also determined. Finally, a comparison 
between the results obtained in this project with CFD simulation results provided by 
Niviuk Gliders is performed.  
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INTRODUCTION 
 
Even if the first experiments with humanmade parachute flights dates back two centuries, 
paragliding is one of the most recent and new sports that just emerged in the middle of 
the past century. It has allowed us to share the previously unreachable sky in a relaxed 
and controlled flight alongside birds. Hence, it obviously attracted the attention of 
adventure seekers who has found one of the ancient limits broken.  
The naturality of the environment and the complexity of the physics and aerodynamic 
phenomenon involved, implies that the realization of experiments and the acquisition of 
accurate data is significantly difficult and not arbitrary. Even though, there has been 
relevant improvements of materials used and wing designs since the sport was born. 
Allowing for a wide range of disciplines and performance capabilities, from wings 
designed for maximum range, to wings with reactive handling for acrobatic maneuvers, 
to small wings easy to transport with low glide ratios for flights closer to earth surface, 
etc. 
Although at the beginning the sport was (and still is) developed and improved by actual 
variations on the wings and by trial and error of the paraglider pilots, brands start hiring 
engineers for the optimization of the wings. With the introduction of computational 
simulation programs able to solve the complexity of fluid dynamics, it has been easier to 
perform experiments in several boundary conditions. Nevertheless, the time cost and 
computational requirements of CFD simulations programs still make these inaccessible 
tools for all the companies and developers. These requires for access to high-
performance computational equipment and the simulation can take days for solving 
complex viscous phenomenon involved. 
Therefore, the main objective of this project is to demonstrate if an aerodynamic analysis 
of a 3D wing, with fast simulation programs based on flow potential theory and unsteady 
panel method approach, complemented with 2D analysis considering the effects of 
boundary thickening, flow separation and viscous phenomenon, can be performed with 
reliable accuracy on the results. This would reduce significantly time cost and 
computational requirements, maintaining an effective approach and leading to establish 
comparisons with actual paraglider performances.  
To achieve this objective, the Koyot2 wing from NIVIUK Gliders will be studied and 
analyzed using PARACHUTES simulation program developed by CIMNE, and 
complemented with 2D analysis using XFOIL developed by Marc Drela MIT.  
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CHAPTER 1. BACKGROUND 
 
1.1 Paragliders overview 
 
Since humans have look up the sky and watch the harmonious flight of birds the idea to 
be able to fly has aroused. The earliest evidence of humanmade device to fly or at least, 
reduce the speed of freefall come back from Renaissance, see Fig. 1.1. 
 
 
 
 
 
 
 
 
 
 
 
The first jumps registered dates back from the end of the 18th century, but it wasn’t until 
the beginning of 20th that reliable tests and developments occurred. In 1950s the first 
governable gliding parachutes with multi-cells and controls for lateral glide were 
designed. During the next two decades, different designs were made with different 
geometries and solutions, until 1970s when the design, geometry and construction of 
current paragliders appeared. The gliding and control capabilities improved fast, thus 
becoming a more accessible sport with increased design offer and popularity. [2] 
Since then the performance of paragliders has really evolved in a wide range of ways, 
from designs for increased glide and stability, to paragliders for complex and difficult 
maneuvers for acrobatics, to smaller and lighter designs with reactive movements that 
fits in a backpack. These performance improvements and variety of designs are thanks 
to the availability for the companies to do a lot of tests and compile experimental data 
with the introduction of computational technologies and its potential. In addition, 
Computational Fluid Dynamics simulations allow paraglide pilots and engineers compile 
and analyze a lot of data from a wide variety of tests and flight conditions. This can be 
done with significantly reduced economic costs compared to real tests, but increasing 
the computational costs.  
Nowadays, a modern paraglider wing is a “ram-air airfoil”, as usually known in 
engineering. Mostly the wings comprise two layers of fabric are connected to internal 
Fig. 1. 1 The oldest known design of a parachute, anonymous autor (Italy, 1470s) 
Source: Wikipedia [1]. 
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supporting material, known as ribs, creating a row of cells. These cells are commonly 
open only at the leading edge (inlet of the wing) and closed on the trialing edge. Only 
some modern high-performance wings maintain some cells closed to form a cleaner 
aerodynamic profile. Moreover, the ribs that create the internal structure have holes that 
connect transversally the cells, allowing the air move all along the wing, to closed cells 
and also to wingtips, which are also closed. Therefore, incoming air maintains the wing 
inflated keeping its shape. When inflated, the wing’s cross-section has the typical 
teardrop airfoil shape. The most common materials used in modern paraglider wings are 
made of high-performance non-porous fabrics such as nylon or ripstop polyester. 
In flight, the pilot is hanged underneath the wing by a network of suspension lines 
connected to the wing. These start with two sets of risers made of short lengths (45 cm) 
of strong webbing. Each of this sets are attached to the harness by a carabiner, one on 
each side of the pilot, and each riser of a set is usually attached to lines from only one 
row of its side of wing. At the end of each riser of the set, there is a small delta maillon 
with a number of lines attached (2-5), forming a fan. These are typically 4-5 meters long, 
with the end attached to 2-4 further lines of around 2 m, which are again joined to a group 
of smaller, thinner lines. The number of cascades can vary from one model to another. 
The top of each line is attached to small fabric loops sewn into the structure of the wing, 
which are generally arranged in rows running span-wise. The lines are made from 
Dyneema or Kevlar, being able to handle a breaking strength of 56 kg, the thinnest used. 
The pilot is able to maneuver the wing pulling the brakes that deform the rear part of the 
wing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Paraglider wings typically have an area of 20-35 m2 with a span of 8-14 m and weigh 3-
7 kg. The weight of all the system, wing, harness, reserve, instruments, etc. is around 
12-22 kg.  
Fig. 1. 2 Two paragliders flying side by side. Source: Niviuk Gliders [3] 
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The glide ratio of paraglider ranges from 9 for recreational wings to about 11.5 for modern 
competition models, reaching in some models up to 13. To compare, a common 
skydiving parachute will achieve 3:1 glide. The speed range is typically 5.5 – 16.7 m/s 
(20 – 60 km/h), from stall speed to maximum speed. High-performance wings would be 
in the upper range, beginner wings in the lower part of the range. [4] [5] 
 
1.2 Description and characteristics of the model studied in this 
work 
 
There are several design characteristics that can modify and influence the performance 
of a paraglider. Changing one of the following main characteristics of a wing can affect 
the entire performance of the wing: wing span, flat area, projected area, aspect ratio, 
airfoil shape and evolution through wingspan, angle of incidence of the airfoils, dihedral 
angle of the wing, etc.  
For this study a Koyot 2 from Niviuk Gliders has been used. Niviuk Gliders is a 
manufacturer of paragliders founded in 2005 and with the headquarters in Girona, Spain. 
They cover a wide range of paragliders for all levels and disciplines, from schooling to 
high experienced pilots that search for the best performance in cross-country, acro or 
speedriding [3]. The Koyot2 wing is characterized by a simple design perfect for 
beginners and new paragliders who want to start and improve fast their flying skills. With 
a flat span of 10.8 m and a projected span of 8.78 m it has a flat area of 24 m2. The 
design of the airfoils used are not so complex, defining the central airfoils that evolves 
smoothly and nearly without variations through the wingspan. So that, the airfoils found 
in the wing tips are scaled from the central airfoils, with a very small angle of incidence.  
These design characteristics lead to a predictable and simple wing to handle. The 
internal structure design (not studied in this case) makes the wing a very compact glider 
able to absorb the turbulences, avoiding unpredictable and undesired behavior.  
 
 
 
 
 
Fig. 1. 3 Capture of a Koyot 2 in steady flight seen from the side. Sourcet: Niviuk Gliders [3] 
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The Koyot 2 is a solid wing with really good gliding ratio and a broad speed range. It is 
compact and robust but with low weight, which reduces the inertia and improves the 
handling.  
 
 
1.3 Requirements and problem formulation 
 
The aim of this project is the study and analysis of the aerodynamic performance of a 
paraglider wing using faster computer simulation programs. To achieve this objective, 
the most relevant aerodynamic characteristics of the paraglider will be determined first: 
pressure coefficient distribution along the wing; lift, drag and moment coefficients. Then 
relevant performance data such as glide ratio (finesse) will be obtained.  
In order to carry out this study, a fast simulation program, such as PARACHUTES, with 
minimal computational requirements is used [6]. PARACHUTES is a computer program 
developed by the International Center for Numerical Methods in Engineering (CIMNE), 
designed to find the coupled aerodynamic-structural solution for gliding parachutes that 
do not present extensive detached flow in normal operation [7]. Therefore, a cost-
effective potential flow approach is used to solve the basic aerodynamic field, using also 
an unsteady panel method with low-order doublets and sources. It should be noted that 
the wing will be considered rigid in this study. To enhance the potential solution without 
increasing computational cost semi-empirical models are applied, considering then 
viscous phenomenon.The process used will be explained with more detail in the following 
sections.  
Moreover, to consider the viscous effects, a 2D analysis and comparison of the airfoils 
is going to be done using XFOIL [8]. With this program, the airfoil of the central rib and 
the airfoil created in the central cell are going to be analyzed to draw and study the polar 
curve used in further calculations.  
Fig. 1. 4 Koyot 2 CAD design of the model studied in this project. Extrados represented in red; intrados 
represented in green; inlets represented in yellow. 
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Finally, the results obtained will be compared with CFD results from Niviuk Gliders to 
investigate the scope of analysis methodology proposed in comparison to computer 
simulation programs with significantly higher computational costs. 
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CHAPTER 2. PROBLEM STATEMENT AND 
METHODS 
 
2.1  Fluid dynamics assumptions 
 
Fluid dynamics is the part of physics that describes the behavior and motion of fluids. 
Apparently, this field has only interest in direct engineering applications, like any mean 
of transport that interacts with the common fluids, liquids and gases. Nevertheless, it is 
used in a wide range of industries and fields. Being able to understand the complex and 
sometimes not predictable behavior of fluids has helped scientists and engineers to 
improve their applications. In this section, a brief introduction of the hypothesis that 
define the flow characteristics assumed for this specific study are exposed:  
 
2.1.1 Incompressible flow 
An incompressible fluid is defined when the elements cannot experience volume change. 
Since by definition the mass of the fluid element is constant, this implies the fluid must 
have constant density [9]. Therefore, the continuity equation (Eq. 1) for an 
incompressible fluid is: 
                                              
(1) 
                                                                              
2.1.2 Inviscid flow  
An inviscid fluid is that which its viscosity is equal to zero. The Reynolds number of an 
inviscid flow reaches infinity. When neglecting viscous forces, Navier-Stokes equation 
can be simplified obtaining the Euler equation. These simplifications allow reducing the 
complexity of several aerodynamic problems involving large Reynolds numbers 8in 
which the boundary layer is thin and remains mostly attached), obtaining still accurate 
and acceptable results in an easier way. Nevertheless, in the flow field near a solid 
object, the effects of viscosity are not negligible, and may have a large impact on the 
resulting flow field in some circumstances (i. e. detached flow) [9] 
 
2.1.3 Turbulent and laminar flow 
When an object interacts with an air stream different kind of forces appear. These are 
tangential wall stresses induced by the fluid in contact with the surface, with viscosity 
magnitude directly related with the shear force that is originated. And normal stresses 
created when the fluid collides with the surface, i.e. pressure.  
Laminar flow is defined when uniform motion and behavior appears, so that there are no 
cross-currents perpendicular to the direction of flow, nor eddies or swirls of fluid (see Fig. 
2.1). Therefore, is a flow characterized by the ordered motion of its constituent fluid 
particles. In the other hand, a turbulent flow is defined when a random and chaotic 
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behavior is detected. Turbulence occurs with more probability at higher Reynolds 
numbers. In the first one, viscous effects of the fluid play a more significant role, while in 
turbulent flow pressure and shear inflicted forces has more importance. Nevertheless, 
what governs the pressure and viscous forces on an object is the laminar or turbulent 
nature of the boundary layers developing on the solid surfaces. As seen in Figure 2.1, 
this is related to the laminar or turbulent nature of the wake. The right panel would 
produce more drag not because of the turbulent wake, but the early separation and the 
large resulting low pressure wake due to the high angle of attack.  
 
2.1.4 Reynolds number 
When a wing moves through the freestream, the gas molecules around the wing are 
disturbed, there is an interaction. Hence, aerodynamic forces appear and their 
magnitudes depend on: the shape, the speed and the mass of the object; and on the 
viscosity, and compressibility, of the gas. To be able to model these effects accurately, 
aerodynamicists use similarity parameters which are ratios of these effects related with 
other forces present in the problem. 
The viscosity of the gas influences in a complex way the aerodynamic forces that appear. 
As the wing flies through the air, the air molecules stick to the surface, creating a thin 
layer of air near the surface, called the boundary layer. This layer is of extreme 
importance for the behavior of the wing and involves a huge complexity.  
The relevant similarity parameter for viscosity is the Reynolds number. This expresses 
the ratio of inertial forces (resistant to change due to the velocity) to viscous forces. 
Therefore, the Reynolds number (Re) becomes (Eq.2 and Eq. 3): 
 
                                                        𝑅𝑒 =  ூ௡௘௥௧௜௔ ௙௢௥௖௘
௏௜௦௖௢௨௦ ௙௢௥௖௘
                          (2) 
 
                                                         𝑅𝑒 =  ఘ ௏ ௅ 
ஜ
                                                        (3) 
 
 
Fig 2. 1 Laminar flow versus turbulent flow over an airfoil 
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Where: 
 𝜌 = density 
 μ = bulk viscosity 
 V = velocity 
 L = characteristic length 
Reynolds number is a dimensionless magnitude. High values (on the order of millions) 
indicate that the viscous forces are negligible (when bulk Reynolds number is large) with 
respect to the inertial forces, which determine an inviscid flow, so that Euler equations 
can be used. Low values (on the order of hundreds) indicate viscous forces must be 
considered. In addition to high Reynolds numbers, the inviscid assumption requires that 
the angles of attack of analysis must be small, so that the boundary layer remains thin 
and attached. [11] [12] [13] 
 
 
 
 
 
 
 
 
 
 
2.1.5 Irrotational flow 
An irrotational fluid is defined when the angular velocity of the particles is zero. Whenever 
the viscosity has little significance, so that no tangential or shear stress occur, this ideal 
assumption can be done. [10] This can be stated as follows (Eq. 4): 
                                                              𝛻 ×  𝑉 = 0                                                        (4) 
 
Eqs. (1) and (4) are the basis of the potential flow model used in this work. 
 
 
 
 
 
 
Fig 2. 2 Detail of the boundary layer. 
Source: NASA [13] 
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2.2 The aerodynamic forces of a paraglide 
 
A body in motion submerged and interacting with a fluid, in this case air, experiences 
aerodynamic forces acting on this body. The forces that appear are lift (Ry) and drag (Rx) 
(see Fig. 2.3). 
 
 
 
 
 
 
 
 
 
2.2.1 Lift 
Lift is the mechanical aerodynamic force acting on the center of pressure of the object 
and perpendicular to the flow direction. It’s main function in flight is to overcome the 
weight of the body, thus to hold the object in the air. Since it is a force, it is a vector 
quantity associated with a magnitude and a direction. Lift occurs when a moving flow of 
gas is turned by a solid object and according to Newton’s Third Law a reaction appears. 
There must be a difference in velocity between the object and the fluid.  
The lift coefficient is a dimensionless parameter, independent of velocity, body size and 
atmospheric conditions. It manly depends on the geometry of the object, the angle of 
attack and also to flow conditions (Reynolds and Mach numbers). The lift coefficient can 
be defined as the ratio between the lift force to the force produced by the surface of the 
body times the dynamic pressure. It can be computed as follows (Eq. 5) [16]: 
                                                  𝐶௅ =  
௅
ଵ
ଶൗ ఘ௏
మௌ
=  ௅
௤ௌ
                                                      (5) 
Where: 
 S: reference area, the wing layout area. 
 q: dynamic pressure. 
In Figure 2.4 the dependency between the generated lift and the angle of attack of the 
wing is shown.  
Fig 2. 3 Detail of the forces generated in an airfoil in motion from the interaction with a fluid. 
Source:[14] 
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Nevertheless, how lift is generated is a complex process and implicates several physical 
concepts whose explanations goes beyond the aim in this work.  
Here, it is considered important to emphasize on the fact that lift only appears when there 
is motion and a difference of velocity between the wing and the fluid. With its own 
limitations, Bernoulli’s principle states that within a steady airflow of constant energy, 
when the air speeds up due to the deformation of the extrados of the airfoil a lower 
pressure region appears. Thus, there is a direct mathematical relationship between the 
pressure and the speed, so if one knows the speed at all points within the airflow one 
can calculate the pressure, and vice versa. Ideal flow models such as that using Eqs. (1) 
and (4) allow obtaining the velocity field, and the respective resultant forces (see Fig. 
2.4). Viscous effects cannot be obtained by ideal flow models. This is why some viscous 
corrections are proposed in this work to improve the accuracy of the potential flow model.  
 
 
 
 
 
 
 
 
 
Fig 2. 4 Lift Coefficient versus angle of attack Source: [15] 
Fig 2. 5 Pressure distribution over an airfoil and a wing. E: lower pressure region. I: higher pressure region. [19] 
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2.2.2 Drag  
Drag is the aerodynamic mechanical force that opposes a boy motion through the air. It 
is generated by viscous friction between the solid body and the fluid. Hence, there must 
be a difference in velocity between the object and the fluid. As lift, it is a vector quantity 
having both a magnitude and a direction. The effects of fluid density, object size (through 
projected surface) and flight speed can be accounted to the amount of drag as follows 
(Eq. 6)[17]: 
                                                            D = ଵ
ଶ
𝜌𝑉ଶ𝑆𝐶஽                                                    (6) 
Again, drag coefficient (CD) is a dimensionless parameter that shows how a body creates 
drag, and depends on the body shape and attitude, and also on Reynolds and Mach 
numbers. It could be said that drag is more difficult to obtain than the lift coefficient. The 
reason is that the main contributor of lift is pressure, with shear stress having a marginal 
role. Instead, wall shear stresses (friction) does play an important role and neglecting it 
may incur a large error, and the effects are more complex to solve.  There is many types 
or source of drag, the ones considered in this study are exposed below and are 
represented by equation 7. The first term (CD(p+f)) refers to the drag coefficient due to 
pressure and friction sources. The second (CDi) is the induced drag coefficient. Equation 
8 shows how it has been computed (for the detailed discussion of the process see section 
4.2.1). 
                                                          𝐶஽ =  𝐶஽(௣ା௙) +  𝐶஽௜                                                   (7) 
 
                                     𝐶஽  =
ଵ
ௌ ∫ 𝐶ௗ൫𝐶௟(𝑦)൯𝑐(𝑦)𝑑𝑦 +  𝐶஽௜(𝐶௟)
௕
ଶൗ
ି௕
ଶൗ
                                  (8) 
The sources of drag can be classified as: 
 Skin friction drag (CDf): drag can be understood as aerodynamic friction 
between the molecules of the air and the solid surface of the wing. This interaction 
originates this source of drag. So that, the magnitude of it depends on properties 
of both solid and fluid.  For the solid, a smooth, waxed surface produces less skin 
friction than a rough one. For the fluid (air), the magnitude relies on the viscosity 
of the air and the relative magnitude of the viscous forces to the motion of the 
flow, expressed as the Reynolds number. Furthermore, it also depends on the 
conditions in the boundary layer. 
 Pressure drag: drag can be also understood as aerodynamic resistance to the 
motion of the body through the fluid. As air flows around the body, the local 
velocity and pressures changes. Since pressure is a measure of the momentum 
of the molecules, this change generates a force. This source depends mainly on 
the shape of the aircraft and is caused also by the separation of the boundary 
layer and the wake created.  
 Induced drag: this source of drag is caused by the generation of lift. It only 
occurs on finite lifting wings, because the distribution of lift is not uniform on the 
wing varying from root to tip. For a lifting wing, there is a pressure difference 
between the lower and upper surfaces, forming vortices at the wing tips. This 
produce a swirling flow that is very strong near the tips and decreases along the 
wing. The tip vortex generates an induced flow that reduces the local angle of 
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attack, giving an additional downstream-facing component of force in the 
direction of drag. The magnitude of induced drag depends on the amount of lift 
being generated and how it is distributed through the wing. It can be computed 
as follows (Eq. 9, 10 and 11) [18]: 
 
                                                              𝐶஽௜ = 𝑘 ·  𝐶௅ଶ                                                 (9) 
  
                                                          𝑘 =  ଵ
గ·஺ோ·௘
                                              (10) 
                                                        𝐴𝑅 =  ௕
మ
ௌ
                                                   (11) 
Where: 
 AR: aspect ratio 
 e: Oswald efficiency 
 K: can also be computed as the slope of the graph of CD versus CL2. 
 
 
 
 
 
 
 
 
 
 
 
In Figure 2.6, the dependence of the different source of drag with the speed is shown. It 
can be appreciated that pressure (form) drag has a positive quadratic dependence and 
induced drag a negative quadratic dependence. It is also noticeable a relevant point, 
called the minimum drag speed point. This flight condition implies that the wing flies with 
an optimal velocity where drag is minimized whereas lift is maximized. So that, this point 
can define the efficiency of the wing, computed as follows (Eq. 12): 
                                                            𝐸 =  ஼ಽ
஼ವ
= ௅
஽
                                         (12) 
Fig 2. 6 Total drag versus airspeed with the curves of the different components of drag. 
Source[20] 
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2.3 Simulation computer programs 
 
In order to study and analyze the aerodynamic performance of the wing two different 
simulation computer programs based on numerical methods has been used. This section 
is intended to describe briefly their characteristics. 
 
2.3.1 PARACHUTES 
PARACHUTES is a computer program for fast simulation of gliding parachute-payload 
systems focused on reducing computational requirements developed by the International 
Center for Numerical Methods in Engineering (CIMNE) .[6][7].  CIMNE is a research 
organization created in 1987 with the objective to develop computational techniques for 
advancing knowledge and technology in engineering and applied sciences and was born 
as a consortium between the Universitat Politècnica de Catalunya and the Generalitat 
de Catalunya. PARACHUTES aims to achieve a satisfactory accuracy but without the 
need to have access to costly high-performance equipment and reducing significantly 
the amount of time invested. So that, it is a handy tool that helps developers improve 
design and testing procedures while decreasing analysis time and cost. 
PARACHUTES has two couple calculation modules, it is able to simulate aerodynamic 
and structural behavior. For this case in particular, only the aerodynamic module has 
been used to simulate and analyze the aerodynamic performance of the entire wing (3D 
simulation) with a potential flow approach. In the following chapters, the methods used 
are going to be discussed in detail. 
Briefly, these are the capabilities and methods used in PARACHUTES: 
 It simulates the unsteady aeroelastic behavior of parachute-payload systems and 
provides complete set of data suitable for design and testing for given 
environmental and initial flight conditions. 
 The solution is obtained by two coupled unsteady calculation modules. A robust 
explicit finite-element technique is used for the structure, while the aerodynamics 
are solved by a cost-effective low-order panel method. 
 It also enables analyzing user-defined maneuvers and testing automatic control 
systems. 
 It is integrated into the pre and post-processor GiD, being easier for users to 
setup the problem and analyze the results. 
The aerodynamic solver can be used separately, as in this project, from the structural 
module to solve steady and unsteady aerodynamic configurations.  
The aerodynamic simulation uses a potential flow model in order to reduce the 
computational costs against a general flow solution. Nevertheless, this simplification of 
the problem gives acceptable results since usually there is no extensive flow separation 
regions in the behaviour of paragliders.  
In favor of reducing the complexity and computational costs and maintaining the 
robustness, an unsteady low-order panel method is selected to solve the potential 
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problem. Moreover, the discretization is also simplified because low-order methods do 
not need exact matching between the panels. To simulate the wake a time-steeping 
method is used, developing from stated shedding lines along the body based on its 
motion and the total velocity induced at the panels (wake rollup). This permits a natural 
development of the wake without adding complexity to the solver. 
The solver also takes into account the apparent mass effects. When it comes to light 
structures, this additional mass should be considered to avoid negative effects on the 
transient behaviour and stability of the canopy. In this version the model of Lissaman 
and Brown is used. For computing the wind loads on suspended payloads specific 
aerodynamic force functions can be defined. The wind loads acting on the suspension 
lines can be modeled by semi-empirical procedures. Considering the cable elements as 
slender cylinders in traverse flow and specifying the drag coefficients with experimental 
data. 
 
2.3.2 XFOIL 
XFOIL is an interactive program for the design and analysis of subsonic isolated airfoils. 
It was developed at MIT as a design tool for the MIT Daedalus project in the 1980s.[8] 
Given the coordinates specifying the shape of a 2D airfoil, Reynolds and Mach numbers, 
XFOIL can compute the pressure distribution on the airfoil and hence lift and drag 
characteristics. The program also allows inverse design, varying an airfoil shape to 
achieve the desired parameters. The functions able in this program are explained briefly 
as follows: 
 Viscous (or inviscid) analysis of an existing airfoil allowing forced or free 
transition, transitional separation bubbles, limited trailing edge separation, lift and 
drag predictions just beyond CLmax, Karman-Tsien compressibility correction. 
 Airfoil design and redesign by interactive specification of a surface speed 
distribution via screen cursor or mouse.  
 Airfoil redesign by interactive specification of tnew geometric parameters such as 
new max thickness or camber, new LE radius, new TE thickness, new camber 
line via geometry specification, etc. 
 Blending of airfoils. 
 Drag polar calculation. 
 Writing and reading of airfoil geometry and polar save files and plotting of 
geometry, pressure distributions and polars. 
       
XFOIL is the program that has been used to analyze different airfoils obtained from the 
wing for 2D simulations taking into account viscous effects. This information will be used 
to improve the potential flow calculations. Also, a comparison between the airfoils is 
discussed in detail in the following chapters. [21] 
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2.4 Potential flow and unsteady low-order panel method 
 
The Navier-Stokes equations governs the behavior of a general fluid flow around the 
body. However, for particular problems, some simplifications can be adopted to reduce 
significantly the equation models, so that the computational cost. To study the region 
around the body, that comprises high-Reynolds number flows, a division is made. The 
domain is divided into a zone where the viscous and rotational effects of the fluid are 
relevant; these are the thin boundary layers that appears near the body and thin wake 
regions. The solution of the viscous flow in the thin boundary layer allows for the 
calculation of the skin friction effects. The rest of the fluid area can be considered to be 
irrotational, inviscid (µ = 0) and incompressible (ρ = const.) if the Mach number is low 
enough. The solution of the inviscid flow is used to obtain the pressure field and 
consequently the forces such as lift and induced drag. With this simplification applied, 
the fluid behavior can be mathematically described by the Laplace’s equation for a scalar 
field named velocity potential, maintaining a more than acceptable accuracy. Therefore, 
the potential problem based on Green’s second identity is solved keeping an accurate 
representation of the flow phenomena. 
To be able to study more complex flow fields, simple harmonic flow functions can be 
combined and distributed along the body, dividing the surface of the body into smaller 
sections. These numerical models are known as panel methods. Using these techniques 
allows solving any flow field by distributing singular functions around the body boundaries 
avoiding the definition and solution of a grid for the surrounding fluid, diminishing 
remarkably the computational costs. [22] 
 
  
 
Fig 2. 7 Flow regions in a high Reynolds number flow 
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2.4.1 Potential flow 
As shown above in Fig 2.7, when studying a wing surrounded by a flow field, some 
assumptions are done in order to reduce the complexity and difficulty of the study. 
Hence, the region where viscous effects can be neglected is considered incompressible 
and irrotational flow, and the equations can be specified as: 
                                                       ∇ ·  𝑉 = 0                                                  (13) 
             ∇  ×  𝑉 = 0                                                     (14) 
Where Eq. 13 expresses mass conservation and Eq. 14 models the dynamics of an 
irrotational flow. Since the curl of a gradient is zero, Eq. 14 can be fulfilled by determining 
the velocity field as (Eq. 15): 
                                                       𝑉 = 𝛻𝛷                                                    (15) 
 
Taking this into account, the continuity equation reduces to (Eq. 16): 
                                                       𝛻ଶ𝛷 = 0                                                   (16) 
The Eq. 16 is the Laplace’s problem for the velocity potential, which is a scalar function, 
being Φ = Φ (X, Y, Z). For an immersed wing in a fluid field, the velocity component 
orthogonal to the body’s surface and to other solid boundaries must be zero (Eq. 17), 
and in a body fixed coordinate system:  
                                                      𝛻𝛷 · 𝑛 = 0                                                      (17) 
Where:  
- n: a vector orthogonal to the wing surface 
- ∇𝛷:  measured in a frame of reference attached to the wing.  
The disturbance originated from the motion should decay far (r → ∞) from the wing: 
                                                        lim
୰ → ஶ
( ∇𝛷 − 𝑣) = 0                                              (18) 
Where: 
- r = (x,y,z) 
- 𝑣: relative velocity between the undisturbed fluid in V and the wing (or the velocity 
at infinity seen by an observer moving with the wing). 
 
To solve properly this problem, suitable boundary conditions must be applied. Some of 
the ones used for aerodynamic analyses are exposed below: 
 Far-field condition: the flow disorder must disappear far away from the body. 
(Condition 1) 
 Neumann condition:  fulfillment of Eq. 17. (Cond. 2) 
 The correct value for circulation to be defined is based on physical grounds by 
the Kutta condition. Hence, the circulation around the wing is defined in a way 
that the resulting velocity at the T.E. (trailing edge) is finite and continuous. 
(Cond. 3) 
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At this point, the potential flow problem is defined whenever the three conditions 
explained above are applied. So that, the solution of the flow field around the wing can 
be obtained. The velocity potential is computed from Laplace’s formula, while the velocity 
field is obtained from  𝑉 = ∇𝛷 (Eq. 15). Then applying Bernoulli’s equation, this is 
integrating the momentum conservation equations in an inviscid irrotational flow, the 
pressures acting on the body can be obtained. So that, by integrating the pressure 
distribution over the wing boundaries the aerodynamic forces are finally obtained. [22]  
 
2.4.2 Unsteady low-order panel method 
In order to reduce significantly the complexity of the problem and the computational costs 
when analyzing the aerodynamic performance of the paraglide wing, a low-order panel 
method is used. The methodology used to solve this problem is explained below. 
A three-dimensional wing is immersed in an ideal fluid flow Ω enclosed by a far-field 
boundary S∞, whereas the wing is defined by a boundary SB, with normal vector 𝑛ො 
pointing outside the study domain Ω. Sw represents the lower (L) and upper (U) sides of 
a thin wake which extends downstream from the wing establishing a discontinuity in the 
velocity potential field.  The flow domain is divided into external and internal regions, so 
that the boundaries can be expressed as S = SB + SW. A fictitious flow is assumed in the 
internal region due to a velocity potential Φi. The external region comprises the flowfield 
of interest, defined by a velocity potential Φ. Both velocity potentials, Φ and Φi, are 
considered to be harmonic functions satisfying Laplace equation (Eq. 16)  
To solve this arrangement Green’s theorem is applied to obtain a general solution for the 
velocity potential at any point p, for both flow regions, in terms of surface integrals of the 
velocity potential and its derivatives.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. 8 A section of the analysis domain passing through the aerodynamic body and its wake. 
Source: [22] 
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Therefore, applying Green’s theorem leads to the following expression (Eq. 19): 
                                                           
                                             
(19) 
 
Where: 
 r: distance between point p and a differential surface element dS having normal 
vector 𝑛ො. 
 Φ∞: is a constant freestream potential at point p due to S∞, the fluid around the 
body is considered to be stationary.  
The wake that the wing generates is assumed to be thin enough so that the jump in the 
normal component of the velocity across the same is zero. The total velocity potential 
can be seen as being composed of a freestream potential (Φ∞) plus a perturbation 
potential due to the wing and its wake, expressed by Φ = Φ - Φ∞. Then, the jump in the 
normal component of the velocity as a source distribution can be defined as                     
−𝜎 =  ∇(Φ −  Φ௜) · 𝑛ො , and the jump in velocity potential across the boundary as a doublet 
distribution can be defined as −𝜇 =  Φ −  Φ௜.  
With this, Eq. 19 can be expressed as follows (Eq. 20):  
                                (20) 
 
Being  𝜇ௐ =  Φ௎ − Φ௅ the jump in potential across the wake. The solution of Eq. 20 is 
reduced to find a suitable distribution of sources and doublets along the body and its 
wake satisfying boundary conditions (2) and (3). To satisfy Neumann condition (2) the 
velocity across the boundaries can be directly determined by forcing Eq. 18 or in an 
indirect way, by modeling the flow inside the body. In this program, the internal Dirichlet 
condition is applied ( Φ௜ = 𝑐𝑜𝑛𝑠𝑡. =  𝛷ஶ). Hence, the doublet strength −𝜇 turns into the 
perturbation velocity potential (Eq. 21) and the source strength results as follows (Eq. 
22): 
                                             𝜇 =  𝛷 =  Φ −  𝛷ஶ                                                                                (21) 
 
                                             𝜎 =  ∇(Φ −  Φஶ) · 𝑛ො                                                  (22) 
Next, introducing Eqs. (21) and (22) into Eq. (20), the total potential inside the body 
results (Eq. 23):                                                                                                          (23) 
                                                                                                                                  
Then, the source strengths are determined by replacing 𝑛ො · ∇Φ from Eq. (18) in Eq. (22).  
 
20    Aerodynamic Performance of a Paraglide 
 
This results in: 
                                                                                                                                  (24) 
 
The internal Dirichlet boundary condition (Eq. 23) can be solved for the unknown body 
doublet distribution, while wake doublicity will be determined by the Kutta condition. This 
equation is used to solve the flow field around thick body configurations having an 
internal volume enclosed by boundaries SB, such is the case of the wing analyzed in this 
project.  
See [23] for details about the numerical solution of the potential flow problem described 
above.  
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CHAPTER 3. ANALYSIS METHODOLOGY 
 
3.1 Model geometry  
 
As stated before in this project a paraglide wing from Niviuk Gliders has been analyzed, 
specifically the model Koyot2, oriented for beginners and new comers in the complex 
and technical sport of paragliding. To be able to do the simulation and analysis using 
PARACHUTES the geometry was imported as STEP archive and had to be modified and 
arranged so that the program do not present any error.  
The first problem faced is to have a smoothly closed body, which is a requisite when 
simulating with panel methods. As seen in Fig. 3.1 and Fig. 3.2 the wing had the wingtips 
opened due to the complexity of the geometry at these specific points.  
 
 
Different CAD programs used were not able to close it neither in an automatic way nor 
manually. Several methods were tried, but the solution adopted was to cut the last cell 
of the wing, losing a bit of the full wingspan. Nevertheless, this modification would not 
affect the aerodynamic performance of the entire wing and the analysis could be run 
normally.  
As seen in Figure 3.2 and Figure 3.3, to have a smoothly closed body would mean to 
have only elements represented with red (isolated), orange (interior) and purple and pink 
colors showing nodes, as seen in the second figure that was the geometry used ofr this 
study. 
Fig 3. 1 Detail of the wingtip clearly without a smooth end 
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3.2 Model parameterization 
 
3.2.1 Geometry preparation 
After the geometry was corrected and the wing was fully closed with smoothed geometry 
in the wingtips, some other adjustments must be done.  
First of all, all the wing has to be scaled to fulfill SI units, since the original geometry was 
defined with millimeters, a scale process is applied to change it to meters 8this is not 
required by the solver but facilitates the definition of material properties and boundary 
conditions). Then two rotations and one translation are done. The wing is moved so that 
the origin of coordinates coincide with the center of the upper inlet line of the centered 
cell of the paraglide. The rotations are applied to fit it with the standard definition of body 
axis (see Fig.3.4), hence when obtaining the results, no transformation is need to be 
used.  
Fig 3. 2 Detail of the opened wingtip, invalid for simulation 
Fig 3. 3 Detail of the closed wingtip which is the geometry used in this study 
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Next, some modifications must be done in the vectors of the surfaces and lines that 
define the geometry to assure that the calculations and the results of the simulations are 
well computed by the program. Hence, all the normal vectors of all the surfaces that 
comprise the wing must point outside the body (see Fig. 3.5), so there are not imbalances 
in the geometry and the program is able to compute properly all the forces and 
aerodynamic parameters affecting the wing. Moreover, to assure that the wake develops 
properly and does not present unreal behaviors, all the vectors of the lines that comprise 
the trailing edge must point the same direction. [24] 
 
Finally, for a better understanding and operation of the different parts that compose the 
wing, this is divided into different layers that are classified in different colors as follows: 
 Extrados: red. 
 Intrados: green. 
 Inlet: yellow. 
 Wingtips: blue. 
 
 
 
Fig 3. 4 Details of the axis set up for this wing 
Fig 3. 5 Detail of the normal vectors of all the surfaces pointing outside the body 
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3.2.2 Assignment of boundary conditions 
In this step the aerodynamic boundary conditions are defined and applied to the model. 
[24] (see Fig. 3.6).  
The first thing to be defined is the trailing edge. This condition must be applied on the 
lines corresponding to the actual trailing edge of the wing, ensuring as stated before that 
all the director vectors of the lines must point the same direction.  
Then, the panel type condition for the aerodynamic surfaces exposed to the wind is 
applied on the wing. In this case these are defined as thick panels. This condition defines 
an enclosed internal volume and the surfaces are represented by the aerodynamic solver 
by using constant source-doublet elements. Only the external surfaces (i.e. upper and 
lower surfaces, inlets and tips) are included.  
Finally, the compute forces condition is assigned also on the external paraglide surfaces 
(extrados, intrados, inlet, tips). This condition is only applied to the surfaces where the 
aerodynamics is resolved. So that, the program will compute the resultant aerodynamics 
forces for these surfaces and this information will be written in the forces output file.  
 
3.3 Mesh generation 
 
Once the boundary conditions have been assigned, the model geometry must be 
discretized, or a mesh must be defined and generated. [24]  
Since 4-node quadrilateral elements have a better performance from the point of view of 
the aerodynamics, this type of element has been chosen to generate the mesh. Hence, 
a structural mesh composed by quadrilateral elements has been defined in the extrados, 
intrados and inlet of the wing (see Fig. 3.7).  
Fig 3. 6 Defining and assigning the aerodynamic boundary conditions 
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In the other hand, an unstructured mesh but also defined by quadrilaterals has been 
applied in the wingtips (see Fig. 3.8). Therefore, the mesh has been generated by 
defining the number of divisions for every line of every surface desired to achieve enough 
density of elements to ensure a good quality of results from the simulation. For example, 
for each surface of the extrados, a division of 60 elements on the x axis and 4 divisions 
on the y axis was defined. In a similar way, the mesh has been defined in the intrados 
and inlet surfaces, with different number of divisions. To achieve better detail and quality 
of results in the relevant zones of the wing, a structure concentration has been applied 
in the extrados. Specifically, a concentration of elements has been defined in the zone 
of the leading edge, since it is one of the areas of most interest because it is where most 
of the aerodynamic phenomenon take place. The concentration then lose density until 
reaching the zone of the trailing edge, where a small concentration has been applied.  
 
Fig 3. 8 Detail of the unstructured mesh generated at the wingtip 
Fig 3. 7 General view of the mesh generated on the Koyot2 wing 
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To make a smooth transition of element concentration from the extrados to the intrados, 
specifically to avoid unreal and strange behavior of the results in that zone, a structure 
concentration has also been done in the inlet zone (see Fig. 3.9). Finally, the mesh is 
formed by a total amount of 16K elements.  
 
3.4 Problem Data 
 
Before running the simulation, the only step left is to set up the data of the simulation 
itself and specify some characteristics of the geometry of the wing for a proper 
simulation. [24] 
First, the type of simulation and the number of iterations must be chosen. For the aim of 
this project, only the aerodynamic simulation module is used 8the wing is considered to 
be rigid). The amount of time steps defined has a direct computational cost, as many 
iterations added the time and computational power needed increases. In the same way, 
as more iterations the accuracy of the results also increases. The key is to find an 
optimum balance between these. Since only the aerodynamic module is selected, there 
is no need to run a lot of iterations to achieve an acceptable accuracy. Since only the 
stationary behavior of the wing is sought, a few time steps are performed using a large 
time increment (100 seconds). Finally, the number of cores, number of execution threads 
in parallel computation, is defined in one (see Fig. 3.10) 
 
Fig 3. 9 Detail of the mesh generated in the extrados (red), inlet (yellow) and intrados surfaces (green). 
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Next step is defining the reference conditions, this is to stablish the conditions in which 
the wing would be flying. For this analysis, a direction of velocity for the wing is defined 
through the wind velocity instead of parachute initial velocity (i.e. the wing is considered 
as located in a wind tunnel). In this case, the three cells of wind velocity are the x, y and 
z coordinates of the wind direction expressed respectively as cosine of angle of attack, 
zero and sine of angle of attack (only a longitudinal analysis is performed). For example, 
in the following image an angle of attack of 6º is defined. (see Fig. 3.11). Since the 
program output results are dimensionless, and the model is considered rigid, the 
magnitude of velocity vector is not relevant for the analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. 10 General set up of Problem data 
Fig 3. 11 Detail of the reference conditions window 
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The wind profile is defined as constant, so that there is no variation. The air density 
matches with sea level standard atmosphere parameters and the canopy internal Cp is 
not necessary because the wing is considered as rigid. The gravity vector is also defined 
to coincide with standard parameters.  
Then, the input/output file characteristics are defined. The aero results are settled to be 
printed at each iteration and the forces archive, containing all the force coefficient 
vectors, is defined to be printed at the end of the simulation. (see Fig. 3.12) 
 
 
 
 
 
 
 
 
 
 
 
Finally, the aerodynamic parameters are configured, this are geometrical characteristics 
of the wing, the type of solver used and other advanced parameters left with default 
values.  
First the coordinate origin is defined at (0,0,0) which is defined in the center upper line 
of the inlet of the central cell. The reference surface is the paraglide area used for 
computing dimensionless force and moment coefficients and other operations requiring 
an estimate of the problem characteristic surface. For this paraglide model, the Koyot 2, 
this value is 24 m2. The reference length is the aerodynamic mean chord of the airfoils 
and it is also used for computing dimensionless moment coefficients and other 
operations. The wake buffer length is the maximum number of wake rows shed in the 
simulation, configured at 10. The wake relaxation coefficient is the limit movement of 
wake nodes during the update of its spatial conditions, it is defined at 0, which means 
that no wake rollup is performed.   
The solver type used for this specific project is the Direct LU solver. This solver is like 
the Direct solver using LU-factorization1 but it has lower memory consumption and is 
                                               
1 This approach attempts an iterative solution after performing some initial steps (which depend on the wake length). If 
the problem geometry does not vary considerably between time steps, a few iterations are usually enough yo converge 
to the new solution, and the computational time is reduced considerably compared to the direct solution. If the iterative 
solution does not converge, the code switches back to the direct solver. 
Fig 3. 12 Detail of the Input/Output parameters window 
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probably less robust. Nevertheless, this solver presents a better accuracy/cost ratio and 
is the option recommended for typical analysis. (see Fig 3.13) 
 
 
 
 
 
 
 
 
 
 
 
 
 
The advanced parameters are left as value default. The smoothing tolerance is the 
cosine of the maximum angle admissible between the normal vectors of panels 
considered to be adjacent and is fixed at the typical value 0.6. The trailing edge correction 
decreases the aerodynamic load linearly on each wing section, defined at 0. The farfield 
factor is a constant factor defining the minimum distance between panels for which the 
far-field approximation is used when computing the influence coefficients (reducing the 
computational cost) is also defined with the default value at 5. The wake growth factor 
increases the length of the wake panels linearly from 0 at the LE to Wake_growth_factor 
at the downstream edge of the wake. When defined at 1, as it is in this case, no increase 
factor is applied. Time step increase factor increases linearly the time increment at each 
time step (values: [initial step, final step, value]), and is defined with default values 
(1,1,1). (see Fig. 3.13). 
Last, the Apparent mass can be selected and defined. It computes paraglide apparent 
mass using the model of Lissaman and Brown (experimental in this program version). 
This model requires defining the following geometric information: canopy span (8.775 
m), canopy chord (2.21 m) and canopy arc (2.52 m). (see Fig. 3.14). It is important to 
note that the apparent mass effects are not required here because the problem is 
stationary. 
Fig 3. 13 Detail of the Aerodynamics parameters window 
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3.5 2D airfoil geometry parameterization  
 
As explained in the previous sections, a study of two representative airfoils of the wing 
has been done using XFOIL to obtain the viscous characteristics of the wing sections. 
As mentioned before, this viscous aerodynamic will be used to improve the accuracy of 
the potential flow solution obtained with PARACHUTES. To run these simulations, firstly 
the geometries of the airfoils, thus the coordinates that define them had to be extracted 
from the wing. Then some parameterization and preparation of geometry must be also 
done. 
PARACHUTES was used to extract the coordinates of the airfoils of interest. Since the 
airfoils that form the ribs of the paraglide barely change through the wing, the analysis 
was focused in the study of the differences of performance between the central rib airfoil 
(airfoil 1) and the airfoil defined by the inflation of the central cell (airfoil 2). (see Fig. 
3.15). 
Once the coordinates of both airfoils were obtained these were normalized to have unit 
chord and the leading edge was centered to coordinates origin. (see Fig. 3.16) 
 
 
 
 
 
0 1 
Fig 3. 14 Detail of the Apparent mass characteristics inluded in the Aerodynamics parameters window 
Fig 3. 15 Detail of the selected airfoil that defines the central rib of the Koyot 2 
Fig 3. 16 Comparison between the airfoils studied. Airfoil 1 in blue; airfoil2 in red 
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In the following table we can see a comparison between the geometric characteristics of 
the airfoils: 
 Airfoil 1 Airfoil 2 
Max thickness 16.6% at 25% chord 20.4% at 24.3% chord 
Max camber 1% at 43.2% chord 1.7% at 31.5% chord 
Table 3. 1 Comparison of the characteristics between the two airfoils studied 
 
Next, the coordinates were imported to XFOIL. After the first fast simulations, some 
unusual and unstable behavior was detected specifically in the area around the leading 
edge. Hence, some modifications were done in the paneling of the airfoil, reducing the 
density of panels in some areas and increasing it in others to not lose quality in the 
results. After this, the simulations could be run and are discussed in following sections. 
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CHAPTER 4. SIMULATION RESULTS 
 
4.1 Preliminary analysis 
 
The final aim of the simulations is to analyze the aerodynamic performance of the wing, 
hence its behavior. For a graphical analysis, in the following sections captures of the 
pressure coefficient (Cp) and velocity contours distributions are shown for a visual 
interpretation and analysis of the aerodynamic performance of the Koyot2 wing.  
4.1.1 Pressure coefficient contour 
In this section the pressure contours obtained from PARACHUTES simulations are 
shown. This study has been focused in three angles of attack 3º, 6º and 9º since these 
are typical angles while flying a paraglide. These are achieved by defining the wind 
velocity direction. For example, for an angle of attack of 3º it is defined as in Fig. 3.11: 
(vx, vy, vz) = (0.999, 0, 0.0523). To clearly observe the differences between the plots, 
these has been defined with the same range of pressures for the scales. The range is 
adjusted until the different behavior in all three cases can be pictured, hence analyzed.  
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Fig. 4. 1 Zenithal view of the Cp contour at an AOA = 3º 
Fig. 4. 2 Zenithal view of the Cp contour at an AOA = 6º 
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It is clearly seen in Figures 4.1, 4.2 and 4.3 that there is a significant reduction of pressure 
in the expected area after the leading edge in the front of the wing. This blue area is 
responsible for the generation of the suction force, that is lift, that makes the wing to fly.  
Moreover, it is also noticeable how the suction area increases with the angle of attack. 
The values of the coefficient of pressure are smoothly distributed through booth the 
wingspan and x-axis, with a symmetrical pattern and evolving without abrupt changes. 
Hence, it is expected that no massive detachment of the boundary layer will suddenly 
occur and its undesired effects in performance. 
 
 
 
 
 
 
 
 
 
In Figure 4.4, it is appreciated how the pressure coefficient reach its maximum value 
(around 1) in the stagnation point zone, this is near the leading edge. Besides, it is also 
appreciable the difference between the upper and lower surfaces. In the first one, the 
pressure coefficient increases, generating a force that pushes the wing up. Even if this 
force is always lower than the lift generated above the wing it also helps to maintain the 
desired lift.  
 
Fig. 4. 3 Zenithal view of the Cp contour at an AOA = 9º 
Fig. 4. 4 Cp contour at an AOA = 9º seen from the front 
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In Figure 4.5 the pressure coefficient values of four cuts along the y-axis, hence in the 
same plane as the airfoils that define the wing, are shown. The green graphic 
corresponds to the central rib; the red corresponds to the center of the central cell; the 
black is a cut closely to a quarter of the wingspan; and the blue graph is done near the 
wingtip. Notice, that this last cut is not parallel to the airfoils, due to the dihedral shape 
of the wing. On the other hand, the green and red cuts are parallel to the airfoil planes 
and black closely parallel. From this graph, it is appreciable that the area defined by the 
blue graph is significantly smaller than the others, so that the amount of lift generated in 
this area is less. 
 
4.1.2 Velocity contours 
In this section the velocity contours obtained from PARACHUTES simulations are 
shown. In this case, the comparison is done between two angles of attack, 3º and 9º, to 
depict better differences between these. The range is defined equal for the two cases to 
make a proper analysis. 
 
 
Fig. 4. 5 Graphic of pressure coefficient (Cp) versus variation of x of four different cuts along the 
y-axis for an AOA = 6º 
Fig. 4. 6 Zenithal view of the wing with the four cuts of the previous graph
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In Figures 4.7 and 4.8 it is shown the evolution of the velocity contour between two 
different angles of attack (3º and 9º). As expected, the velocity reaches higher values on 
the frontal area of the wing, due to the shape of the airfoils. In fact, this phenomenon it 
is completely related with the decrease of pressure coefficient in the same region shown 
in the previous section (this correlation is expressed by Bernoulli’s equation). As the 
angle of attack increases also does the velocity values in the suction area.  
In Figure 4.9, it is clearly appreciable that the stagnation point, this is where the velocity 
decrease to zero (v = 0) depicted by the dark blue region concentrates in a unique small 
region in the leading edge. It is also observable the difference of velocity distribution 
between the intrados and the extrados. While in the intrados the velocity maintains 
constant values, in the extrados there is an increase of velocity at the front region and 
decreases smoothly along the x-axis until these reach similar values as in the intrados 
after half of the chord until the trailing edge.  
Fig. 4. 7 Zenithal view of the velocity contour for an AOA = 3º 
Fig. 4. 8 Zenithal view of the velocity contour for an AOA = 9º 
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4.1.3 2D Analysis and comparison of airfoils 
In this section a comparison between the aerodynamic performance of two 
representative airfoils of the wing is presented. One of the airfoils chosen are the airfoil 
from the central rib (airfoil 1), which defines the shape of the airfoils of the rest of the 
wing, since the variations are significantly small. The other airfoil is obtained by doing a 
cut in the middle of the central cell. So that, the aim is to define which are the differences 
or similarities between these two airfoils. The main reason of this study is that during 
flight the actual effective airfoil is expected to be a combination of these. For this analysis 
XFOIL is used. Hence, viscous phenomena are considered (see chapter 3.5). 
To analyze this comparison two flight conditions are established, the details of both are 
exposed in the following table: 
 
 
To obtain the results shown below, several simulations were performed defining the 
conditions from Table 4.1. Moreover, different previous studies were done to modify the 
paneling of the airfoils, to find the angle of attack of stall and to get smooth results that 
converge.  
In Figure 4.10 the lift coefficient (CL) versus the angle of attack (AOA) is shown. It can 
be observed that the airfoil number one has a slightly better performance. It reaches 
higher lift coefficient values and reaches the stall later. Mainly, due to it is the designed 
geometry to fulfill the desired performance. On the other hand, airfoil two shows lower 
 Flight Condition 1 Flight Condition 2 
Reynolds number 2 · 106 1.8 · 106 
Velocity [m/s // Mach 
number] 10.86 // 0.032 9.78 // 0.029 
AOA [degrees, º] [-10º, 23º] [-10º, 23º] 
Table 4. 1 Parameters for the flight conditions applied for this study 
Fig. 4. 9 Frontal view of the velocity contour for an AOA = 6º 
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performance, since its geometry is created by the shape of the cell and it does not 
perform at the same level. 
The same behavior is shown in the Figure 4.11. In this case the polar curve also shows 
that airfoil two does not to reach the same performance than airfoil one. It is expected 
that, the real behavior in flight would be something between the two curves. 
 
Furthermore, since XFOIL gives the total coefficient drag and also the coefficient drag 
due to pressure, the contribution of the friction drag is determined with a subtraction 
(formula extracted from XFOIL manuals).  In the following table, an example is shown 
for three angles of attack of interest, along with the percentage these contributes to the 
total: (see Table 4.2): 
Fig. 4. 10 CL versus AOA graph comparison between Airfoil 1 and Airfoil 2 for FC1 
Fig. 4. 11 CD versus CL graph comparison between Airfoil 1 and Airfoil 2 for FC1 
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From the results above, it is appreciable that for small angles the main source of drag is 
due to friction, and as the angle increases the contribution of pressure drag also does.  
To determine more precisely the performance of both airfoils a numerical study is done. 
First, the equations that define the linear zone of the CL versus AOA graphs are 
determined with a linear approximation. These results as follows: 
Equation from Airfoil 1 (Eq. 25):  
                                                   𝑦 = 0.1056𝑥 + 0.2116                                               (25) 
Equation from Airfoil 2 (Eq. 26):  
                                                  𝑦 = 0.0877𝑥 + 0.1638                                                 (26) 
From these equations and from the results used for the graphs several aerodynamic 
parameters are computed and shown in the following table: 
 
 
In Table 4.3, the slopes of the lift coefficient versus angle of attack, and the pitching 
moment coefficient at leading edge versus angle of attack are listed. Dividing the second 
value by the first value, the position of the aerodynamic center with respect to the chord 
is computed. Under the assumption of linear potential theory, this value is defined at one 
quarter of the chord, hence x/c = 0.25. In this specific case, the calculation of this value 
for airfoil one is completely equal to the theoretical value and it is close for airfoil two. 
Then, from the equations shown above (Eq. 25 and 26) the angle of attack for zero lift 
coefficient is computed. The angle of attack of stall is determined from the results used 
to make the graphs finding the maximum value of lift coefficient. Finally, using the 
equation below for the pitching moment coefficient at the aerodynamic center (Eq. 27) 
and xac/c the values are determined for all the angles of attacks. The value shown is the 
mean value from the linear zone, that is the region of angles of attack of interest and 
where the values are constant.  
FC1 Airfoil 1 Airfoil 2 Difference [%] 
Slope of CL vs AOA (1/º) 0.1056 0.0877 16.95 
Slope of CM(LE) vs AOA(1/º) -0.0253 -0.0166 34.39 
xac/c 0.24 0.19 20.83 
AOACL=0 (º) -2.08 -1.92 7.69 
AOAstall (º) 19 18.7 1.58 
CM0 -0.0327 -0.0282 13.72 
Table 4. 3 Comparison between the aerodynamic parameters of both airfoils for FC1 
AOA CDp CDf CD
3 0.0021 0.0051 (70.83%) 0.0072
6 0.00347 0.00472 (57.63%) 0.00819
9 0.00564 0.00514 (47.68%) 0.01078
Table 4. 2 Contribution of pressure and friction drag to the total drag coefficient 
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Equation for the pitching moment coefficient with respect to the aerodynamic center 
(CM0), is given in (Eq. 27): 
                                                𝐶ெ଴ = 𝐶ெ(௅ா) + 𝐶௅ ·  𝑥஺஼/஼                                             (27) 
 
The same analysis is done for Flight Condition 2: 
As seen in the previous case, airfoil one shows a better performance in both graphs for 
flight condition two. That’s why for now on, the performance of airfoil two is going to be 
used since it is more conservative, and it can be assumed that the wing is going to 
perform at least at that level.  
Fig. 4. 13 CL versus AOA graph comparison between Airfoil 1 and Airfoil 2 for FC2 
Fig. 4. 12 CD versus CL graph comparison between Airfoil 1 and Airfoil 2 for FC2 
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In Table 4.3 a comparison of the aerodynamic parameters for this case of study is shown. 
The methodology used to get these results is the same used above. The results are quite 
similar with the previous ones. It is again noticeable that the computation of xac/c is highly 
similar to the standard theoretical values, meaning that for this result the simulation 
practically adjusts to conventional results. 
 
 
 
4.2 Numerical results 
 
In this section the numerical results obtained from the analysis of the simulations are 
exposed and discussed. First, the aerodynamic parameters computed, such as: lift 
coefficient (CL); different drag contributions (induced drag (CDi), drag due to pressure and 
friction (CDp+f)); approximation of the polar drag curve of the wing; and pitching moment 
coefficients (CM(LE), CM0). Then a comparison between the results obtained in this project 
and the CFD results provided by Niviuk Gliders is presented.  
 
4.2.1 Calculation of aerodynamic parameters  
 
Lift coefficient CL 
First, the lift coefficient of all the wing is determined using the results obtained from 
PARACHUTES (see section 3.4). PARACHUTES gives three different archives for each 
simulation ran. In the archive forces, the force and moment coefficients of all the wing 
for each axis are given (CFx, CFy, CFz, CMx, CMy and CMz).  In the archive sections, the 
force coefficients for each axis are given for a user defined number of sections along the 
wing y-axis. Moreover, the differential in y-axis and the normalized position along this 
axis is also given for each of the sections. Finally, in the third archive velocity, the velocity 
values for each axis and other parameters are given, none of them used in this non-
coupled simulation. Since this simulation program uses a potential flow theory approach, 
it is expected that the performance obtained is sensibly better than that corresponding 
to the real flight.  
In Figure 4.14 the total lift coefficient of the wing versus the range of the angles of attack 
studied [-20º, 20º] is shown: (see Annex for the full table of results). 
FC2 Airfoil 1 Airfoil 2 Difference [%] 
Slope of CL vs AOA (1/º) 0.1056 0.0866 17.99 
Slope of CM(LE) vs AOA (1/º) -0.0252 -0.0165 34.52 
xac/c 0.24 0.19 20.83 
AOACL=0 (º) -2.10 -1.93 8.1 
AOAstall (º) 18.8 18.9 0.53 
CM0  -0.0327 -0.0273 16.6 
Table 4. 4 Comparison between the aerodynamic parameters of both airfoils for FC2 
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To obtain these results the next formula is used (Eq. 28): 
                                              𝐶௅ =  𝐶ி௭ · cos 𝛼 − 𝐶ி௫ · sin 𝛼                                          (28) 
This formula is needed because PARACHUTES gives CFz and CFx vectors for all the 
wing for each AOA simulated, which are respectively perpendicular and parallel to the 
plane of the wing. So that, to obtain CL and CD, which are orthogonal and parallel to the 
direction of the velocity vector a transformation must be applied.  
The maximum CL of the wing is computed by determining the additional and basic Cl 
distributions of the wing. The basic lift coefficient (Cl b) is such that independently of the 
AOA describes a distribution of lift along the wingspan (y-axis) of zero area. This 
distribution depends only on the wing planform, the sections zero lift angle and the wing 
geometric torsion. The additional lift coefficient (Cl a) is such that describes a distribution 
of lift along the wingspan with unit area and has a dependence with AOA and the wing 
planform. Both distributions can be expressed as (Eq. 29 and 30): 
                                                     ଵ
ௌ ∫ 𝐶௟ ௕(𝑦) · 𝑐(𝑦)𝑑𝑦 = 0                                         (29) 
                                                 ଵ
ௌ ∫ 𝐶௟ ௔(𝑦) · 𝑐(𝑦)𝑑𝑦 = 1                                     (30) 
 
And can be used to express the wing’s lift cariation along the span as 
                                                    𝐶௟ (𝑦) =  𝐶௟ ௕(𝑦) + 𝐶௟ ௔(𝑦)𝐶௅                                      (31) 
Where CL is the total lift developed by the wing. Next, the Cl b (y) and Cl a (y) values are 
computed for all the sections for two given angles of attack, in this case 6º and 8º. The 
Fig. 4. 14 Graph of CL versus angle of attack for the Koyot2 with a linear approximation 
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procedure used to obtain these unknown Cl distributions for our wing is as follows values 
is (Eq. 32 and 33):  
                                               𝐶௟ ଵ(𝑦) =  𝐶௟ ௕(𝑦) + 𝐶௟ ௔(𝑦)𝐶௅ ଵ                                       (32) 
                                                𝐶௟ ଶ(𝑦) =  𝐶௟ ௕(𝑦) + 𝐶௟ ௔(𝑦)𝐶௅ ଶ                                        (33) 
Where: 
 1 and 2 subscripts: refers to the values of two different AOA. 
 Cl (y): coefficient lift values for sections along the y-axis of the wing given by 
PARACHUTES (51 sections are used). 
 Cl b (y): basic lift coefficient for all the sections. 
 Cl a (y): additional lift coefficient for all the sections. 
 CL: lift coefficient for the full wing at a given AOA.  
Then, using the equation below (Eq.34) the maximum lift of the wing that makes that a 
given section stalls is computed. To obtain this value, it is needed the maximum lift 
coefficient for the airfoil (Cl max(airfoil)), calculated from the approximated lift curve using 
XFOIL (see next section for the details). Finally, the minimum of all these values defines 
the maximum lift coefficient at which the wing stall process begins (CL MAX(WING) = 1.1876). 
The result obtained is shown in the table below (see Table 4.5): 
                                            𝐶௅ ெ஺௑ (𝑦) =  
஼೗ ౣ౗౮ (ೌ೔ೝ೑೚೔೗)ି஼೗ ್(௬)
஼೗ ೌ(௬)
                                      (34) 
                                             𝐶௅ ெ஺௑(ௐூேீ)  = 𝑚𝑖𝑛(𝐶௅ ெ஺௑ (𝑦))                                    (35) 
 
 
Finally, with all these values exposed above an expression for the lift coefficient for the 
Koyot2 wing is given based in the following equation (Eq. 36): 
                                                   𝐶௅  = 𝐶௅ ఈ (𝛼 − 𝛼௟ୀ଴)                                             (36) 
Where: 
 CLα : is the slope of the graph of total CL versus AOA (α). 
 αL=0: is the AOA in degrees such that the lift generated is zero. 
Therefore, for the Koyot2 wing this expression results in (Eq.37). The angle of attack of 
stall is also defined: 
                                                 𝐶௅  = 0.0542(𝛼 + 2.57)                                            (37) 
AOA 1 = 6º AOA 2 = 8º
y/b S_i Cl1(y) Cl2(Y) CL1 CL2 Cla(y) Clb(y) Clmax(airfoil) CL max (y) CL MAX(WING)
-0.4902 0.2062 0.43174889 0.47883824 0.48568257 0.59972676 0.41290441 0.23120842 1.6303 3.3884152 1.187561851
-0.47059 0.27489 0.45605821 0.53716814 0.71121493 0.11063352 2.13671904
-0.45098 0.28525 0.46218841 0.56697425 0.91881794 0.01593455 1.75700254
... ... ... ... ... ... ...
Table 4. 5 Detail of the computation of the CL MAX(WING) for the Koyot2 
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𝛼௦௧௔௟௟ = 19.33 
As said before, these results are based on simulations with a flow potential theory 
approach, thus it is expected that the real performance of the wing does not reach these 
values. Therefore, the maximum lift coefficient and the angle of attack of stall are 
expected to have lower values in real flight conditions.  
 
 
Polar curve approximation 
One of the objectives of this project is to represent the drag polar curve of the wing. The 
drag polar is the relationship between the lift and the drag of a wing, expressed in terms 
of dependence of the lift coefficient on the drag coefficient. Its one of the most 
summarised ways to reflect the aerodynamic properties of a wing. As discussed in 
chapter two, drag has several sources contributing to its generation. With the results 
obtained with PARACHUTES only the inviscid induced and pressure drag contributions 
can be computed. Therefore, to consider the viscous effects the sections drag 
information obtained with XFOIL is used. With the obtained curve an approximation of 
the drag components belonging to viscous friction and pressure along the wing has been 
computed and included in the calculation of the total drag of the wing. It is important to 
note that the pressure contribution to the drag along the wing is taken in this work from 
the sections’ viscous data and not from PARACHUTES. This allows to account for the 
effect of boundary layer thickening and flow separation along the wing. 
As discussed before, since airfoil two has a lower performance it is selected to maintain 
a conservative approach. So that, the results of the total viscous drag coefficients from 
the wake momentum thickness and the lift coefficients computed by XFOIL for a range 
of angles of attack of [-10º, 23º] are used. The total drag coefficients from XFOIL takes 
into account the drag due to pressure and the drag due to friction effects but are only 
defined for the airfoil of study. The approximated polar curve obtained is shown below 
(see Fig. 4.15): 
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The polar curve then is divided into three zones, and a piece-wise approximation curve 
is computed to improve the fitting, trying to find the most suitable approximation, i.e. with 
the highest value of R2 possible. The equations used are a polynomial of second order 
and an exponential equation shown in the graph. Then, the drag coefficient is computed 
using these equations.  
It must be noted that in the region of stall the results obtained using XFOIL loose 
accuracy and are imprecise. Since the boundary layer is detached and the complex 
physics involved in this phenomenon are not considered in the solver methods of it.  
This approximation is also done for flight condition two, to see the results see annex. 
 
Polar curve of Koyot2 wing 
As explained in chapter two, the total coefficient drag for the wing is expressed by the 
following equation (Eq. 9): 
                                   𝐶஽  =
ଵ
ௌ ∫ 𝐶ௗ൫𝐶௟(𝑦)൯𝑐(𝑦)𝑑𝑦 +  𝐶஽௜(𝐶௟)
௕
ଶൗ
ି௕
ଶൗ
                                       (9) 
The first part of the previous equation is the contribution to the drag coefficient of the 
pressure and friction drag of the sections along the span (CD(p+f)). To obtain these values, 
the lift distribution obtained from PARACHUTES is used together with the section 
approximated polar curve presented above. The second contribution is the induced drag 
coefficient (CDi) computed using equation 10 with PARACHUTES data. (see chapter 
2.2.2).  
Fig. 4. 15 Approximated polar curve for AOA = [-10º, 23º] 
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The procedure to compute CD(p+f) (CDperfil_total) is discussed in detail below, and an 
example of the computations is shown in the following table: 
 
As explained before, sections archive from PARACHUTES simulations gives the 
coefficients CFx, CFy and CFz of the sections (y/b) along the span, and also the reference 
surfaces of these strips (S_i) in which the wing is divided. This force coefficient vectors 
are expressed in the plane of the wing, hence a transformation using equations 38 and 
39 is applied to obtain the lift and drag coefficient of every section (Cl(y) and Cd(y)).  
                                              𝐶௟(𝑦) =  𝐶ி௭ · cos 𝛼 − 𝐶ி௫ · sin 𝛼                                     (38) 
                                              𝐶ௗ(𝑦) =  𝐶ி௭ · cos 𝛼 − 𝐶ி௫ · sin 𝛼                                    (39) 
Nevertheless, Cl(y) is computed in respect of the y-axis plane, since the dihedral of this 
wing is not negligible for the computation of the drag, a transformation must be applied 
to find the vector perpendicular to the plane of each section. This vector, expressed as 
Cn(y) and computed with equation 40, is the actual contribution of lift of each section. It 
must be specified that this transformation was not used for the computation of the total 
lift coefficient for the wing (CL) because the differences in that case were small.  
                                                      𝐶௡(𝑦) = ට
஼ಷ೥(௬)మ
஼ಷ೤మ
                                               (40) 
 
To compute Cdperfil, which is the contribution of the pressure and friction drag sources 
(CD(p+f)) for every section, the approximated polar curve equations shown in the previous 
section are used. As explained before, two equations were used to make the 
approximation, a polynomial of second degree and an exponential, defining two regions 
related with Cl values. Hence, the equation used for computing Cdperfil is based on the 
value of Cn(y) of each section. Once these are computed, the values are multiplied by 
the reference surface of the section and the final result is the summation of all these 
values divided by the reference surface of all the wing (24 m2). 
 
Next, the induced drag (CDi) is computed using equation 10. The k factor is defined as 
the slope of the drag coefficient (CD) versus the square of the lift coefficient (CL2). Both 
coefficients are computed using equation 28, hence with CFx and CFz vectors of the wing 
from the forces archive. This results in k = 0.102. Thus, the contribution of induced drag 
can be computed.  
CL_total CD_total CN_total CDperfil_total
alpha (rad) 0.10471976 0.48568257 0.02350705 0.56527208 0.009952072
y/b S_i CFX_i CFY_i CFZ_i Cl(y) Cd(y) Cn(y) cl(y)*S(y) cd(y)*S(y) cn(y)*S(y) Cdperfil Cdperfil*Si
... ... ... ... ... ... ... ... ... ... ... ... ...
0.05882 0.44817 -0.01319 0.03022 0.58526 0.58343261 0.04805858 0.58421474 0.261477 0.02153842 0.26182752 0.01040646 0.004663865
0.07843 0.52137 -0.04156 0.04926 0.53106 0.532495 0.01417856 0.53476862 0.27762692 0.00739227 0.27881231 0.01032395 0.005382596
... ... ... ... ... ... ... ... ... ... ... ... ...
AOA = 6º
Table 4. 6 Process followed to compute the contribution of the pressure and friction drag coefficient (CD(p+f)) 
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Finally, both components of the drag (CDi and CD(p+f) are added) using equation 8. 
Therefore, the graph of the total drag coefficient and the total lift coefficient of the wing 
can be expressed. The obtained drag polar curve for the Koyot2 wing is shown below 
(see Fig. 4.16). 
 
To make more precise approximation two regions are defined. The orange Zone of 
interest represents the values for a range of angles of attack which are flown by 
paraglides in standard flights, thus the range is defined at [-2º, 14º]. The approximated 
equation is a polynomial of second degree with nearly perfect similarity, shown in the 
graph. With this information, the polar drag equation can be expressed as follows (Eq. 
41):  
                                                  𝐶஽ =  0.108𝐶௅ଶ − 0.0086𝐶௅ + 0.0096                              (41) 
 
 
 
 
 
 
 
 
Fig. 4. 16 Total polar curve for the Koyot2 wing 
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Pitching moment coefficient CM(LE) 
The last aerodynamic parameter computed in this analysis is the pitching moment 
coefficient with respect to the leading edge. The archive forces from PARACHUTES 
gives the force and momentum coefficients for each axis. The wing is oriented following 
the conventional axis configuration and its center leading edge is moved to the 
coordinates of origin. Hence, the pitching moment coefficient of the wing is the pitching 
moment coefficient in respect of the y-axis. The results are extracted for each angle of 
attack simulated and analyzed to obtain the desired equation. Next, considering CM0 as 
the mean value in the linear zone, at the range of interest of angles of attack, CM(LE) can 
be expressed as follows: (Eq. 42 and 43) 
                                                𝐶ெ(௅ா) = 𝐶ெ଴ −  𝑥஺஼/஼ · 𝐶௅                                                (42) 
                                                𝐶ெ(௅ா) = −0.0282 − 0.3457 · 𝐶௅                                     (43) 
 
The position of the aerodynamic center is obtained from the slope of the graph of the 
pitching moment coefficient at the leading edge versus the lift coefficient. 
 
4.2.2 Comparison with Niviuk CFD results 
In this section, a comparison between the results obtained in this project, using 
PARACHUTES and XFOIL simulation programs, and the data from Niviuk Gliders using 
ANSYS Fluent, a CFD simulation program is discussed. Therefore, the aim of this 
comparison is to analyse and reflect how accurate are the results based on the 
procedure used in this project. PARACHUTES uses a potential flow theory approach 
when solving the aerodynamics and even if some viscous phenomenon is considered 
when computing the total drag coefficient, it is expected some differences in the results. 
The results from Niviuk, as said before, are obtained with CFD simulation program 
ANSYS Fluent. Hence, these simulations consider viscous effects along with models for 
the turbulent phenomenon. Moreover, with proper design of the mesh, a deep study can 
be done of the complex behavior of the boundary layer, such as the transient phases, 
when separation occurs and the effects it produces in the performance of all the wing.  
The simulations were done with half of the wing using non-structured tetrahedral mesh 
of 4 million elements, with an orthogonal minimum quality of 0.0199 and a mean quality 
of 0.899. The turbulence model used was k-ε Realizable with enhanced wall treatment. 
The boundary layer mesh was defined with an Y+ factor under 10 in all its thickness. 
Furthermore, the boundary conditions were defined as: Re equal to 2·106 with a velocity 
of 12.5 m/s at the inlet; temperature of 288.16 K; viscosity of 1.7894 · 10-5 Kg/m·s; density 
of 1.225 kg/m3. 
Since the simulations done in this study are independent of the velocity the coefficients 
of the aerodynamic parameters are compared. Moreover, the variation of this coefficients 
in respect with the angle of attack, thus the slope of the graphs of the coefficients versus 
AOA, are also compared.  The following table shows the results obtained in this project, 
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the results from Niviuk Gliders and the difference in percentage between them: (see 
Table 4.7)  
 
In Table 4.7 it is observable that the difference in most of the parameters differ between 
the 10% and 30%, which is acceptable in view of the methodologies applied and the 
complexity of the phenomenon studied.   
Considering drag coefficient the difference is significantly small for small angles of attack 
and suffer a little increase with higher angles of attack, presented in the higher difference 
of slopes. Nevertheless, it represents the smallest difference against the other 
parameters due to viscous effects are considered using the approximated polar curve 
obtained with XFOIL simulations.  
On the other hand, for the computation of lift coefficient viscous effects has not been 
considered, which is the reason these are higher than between drag coefficient. Although 
this, the differences are still reasonable and acceptable, justified due to these were 
computed using a potential flow theory approach. It is also appreciable that the difference 
does not increase with angle of attack, expressed also in the little difference of the slopes.   
The glide ratio of the wing (finesse) is the lift-to-drag ratio, thus is the amount of lift 
generated by the wing divided by the drag it creates at flight. Basically, it expresses the 
efficiency of the wing and it is commonly one of the major goals in aerodynamic design. 
It can be computed dividing lift coefficient over drag coefficient. Considering the 
efficiency of the wing for each angle of attack, these are higher for small values but nearly 
equal for an angle of attack of 9º. In fact, this small difference can be considered 
negligible resulting in an excellent approach for this case. 
Considering the pitching moment coefficient, the differences are also small, around 25%. 
In this case, viscous phenomenon has not been taken into account, that’s why it 
maintains the same values of difference as lift coefficient. The position of aerodynamic 
center (30% of the chord) can be explained because of the dihedral and arrow shape of 
the wing. 
In brief, the differences obtained against CFD simulations are expected values for most 
of the aerodynamic parameters, since these are between 10% - 25%. 
Table 4. 7 Comparison between the results obtained in this project and the CFD results provided by Niviuk Gliders 
AOA [degrees]
CD
CL
Finesse - Glide ratio
CM(LE)
XAC [m]
dCL/dAOA
dCD/dAOA
dCM(LE)/dAOA
Difference in %
3 6 9
12.54 10.10 24.79
22.70 22.60 22.17
40.29 11.36
70.88 73.33 73.06
2.09
25.78
13.63
60.53
76.32
0.0061
-0.0201
0.0038
-0.0114
0.81 (30%) 0.644 (23.95%)
0.0542 0.0477
0.04426
0.53622
-0.1305000 -0.1943000 -0.2508000 -0.07637 -0.11210 -0.14492
0.03092
0.39616
12.116
0.02160
0.25001
16.240 14.269 11.863 11.576 12.814
PROJECT NIVIUK
3 6 9 3 6 9
0.01889
0.30677
0.03404
0.48570
0.05522
0.65511
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CHAPTER 5. CONCLUSIONS  
 
Nowadays it is expanding the use of simulation computational programs based on 
numerical methods in a wide range of engineering fields. From structural studies for 
building construction   or developing new materials and composites, to the fluid dynamics 
present in sea platforms, automobile competition, aircraft design and also in the small 
industry of paraglides. The main reason is the significant reduction of time and costs to 
acquire test data for design and analysis, and also the growing computational capabilities 
of these programs. 
The aim of this project was to go a step further on reducing time and computational costs 
by using a simpler but effective approach besides the common simulation programs. 
Usually, the requirements of CFD simulation programs are significantly high both in 
computational costs and time, making them not affordable for all the users. Instead, 
PARACHUTES complemented with XFOIL were used. The first, uses a flow potential 
theory method to solve the aerodynamics, reducing significantly time and computational 
costs. It can also simulate structural behavior of paraglides in a coupled fully aerolastic 
simulation (which is very costly when using other CFD techniques), but it has not been 
used in this project. XFOIL considers viscous effects but is limited to 2D analysis, 
decreasing significantly the complexity of the simulations.  
Before running the simulations, the 3D CAD design of the Koyot2 wing needed to be 
parameterized. This has been done using also PARACHUTES program, which is 
coupled to GiD, a pre and post processor simulator based on numerical methods. Once 
the geometry was ready, the mesh was generated with mainly structured quadrilaterals 
concentrated in the designed area for more accurate results. The mesh has a total 
amount of 16 thousand elements. It has to be noticed, that the mesh generator stands 
out for its user-friendly and design capabilities among some CFD programs, that have a 
more complex set up. Then, the problem data was defined, and the simulations were ran 
for a range of angles of attack of [-20º,20º].  The same procedure was followed for the 
2D analysis considering viscous phenomenon by using XFOIL, but in this case the study 
was done in a range of angles of attack of [-10º,23º]. 
Once the results were obtained and analyzed, the following conclusions are done. The 
pressure coefficient and velocity distributions graphs show the expected behavior of the 
wing. The aerodynamic phenomenon is concentrated in the front of the wing and 
diminishes smoothly until the trialing edge. This can be interpreted as no unpredictable 
and sudden detachment of the boundary layer will occur. 
Considering the comparison done between the two airfoils, airfoil one has a slightly better 
performance than airfoil two. As the graphs shown, the first reaches higher values of lift 
coefficient (Cl), with a maximum around 1.7 against 1.6 for airfoil two, and thus reaches 
stall later, at 19º compared to 18.7º. Although this, XFOIL results near stall region, hence 
when the detachment of the boundary layer occurs, are not so accurate since the 
simulations does not consider all the complex aerodynamic phenomenon involved. The 
aerodynamic center is completely at the quarter of the chord for airfoil one, which is the 
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theoretical value considered as standard, and just a little bit forward for airfoil two. As 
shown in Table 4.3, there are not big differences on performance, and these are just 
higher for the slope of pitching moment coefficient versus angle of attack. It can be said, 
that the final performance in flight is expected to be in between, since the actual airfoil is 
a combination of the them.  
Next, some aerodynamic parameters have been determined. First, a study of the lift 
coefficient (CL) has been done by determining the equation that defines it, the coefficient 
lift at which the stall process begins and the angle of attack of stall. It is expected that 
the performance obtained is sensibly higher than the actual since this study has been 
done only with PARACHUTES results. So that, the maximum lift coefficient for the wing 
is CL MAX(WING) = 1.1875, meaning that after this value in some sections of the wing the 
stall process might start. The lift coefficient of the Koyot2 can be defined as: 
CL=0.0542(α+2.57º) 
and the angle of attack of stall is αstall = 19.33º. Therefore, it can be said that the wing is 
going to reach the stall before this angle.  
To obtain a polar drag curve for the Koyot2, first an approximated curve has been defined 
considering the thickening of the boundary layer effects and viscous phenomenon by 
using XFOIL results. Then, the induced drag coefficient (CDi) for all the wing has been 
determined by using PARACHUTES results. On the other hand, the drag coefficient due 
to pressure and friction CD(p+f) has been defined by using the approximated polar curve. 
Finally, the polar curve for the Koyot2 can be defined as: 
CD = 0.1208·CL2 – 0.0086·CL+0.0096 
The last aerodynamic parameter calculated is the pitching moment coefficient in respect 
the leading edge (CM(LE)). This has been computed using PARACHUTES results and 
after the treatment of these, the following equation that expresses the pitching moment 
coefficient for the Koyot2 is obtained: 
CM(LE) = -0.0282-0.3457·CL 
Therefore, the aerodynamic center is defined at xAC/C = 0.3457. This backward position 
can be explained due to the arrow shape and dihedral of the wing. 
Considering the comparison done with the results obtained at this project and the results 
from Niviuk Glides obtained with CFD simulation programs, it can be said that the 
difference in performance are as expected and reasonable. Due to the difference 
approach used, a flow potential theory for this project and CFD by Niviuk, a difference 
between 10-25% in performance is legitimate. It has to be noted that in the case of drag 
coefficient (CD), in which the thickening of boundary layer phenomenon and viscous 
effects have been considered, the similarity is remarkable. 
To conclude, it is possible to say that the main objective of this project has been 
achieved. It has been proven that by using simpler but effective approach, reducing 
significantly time cost and computational requirements, the results obtained are accurate 
and reasonable. It shoul be noted that a simulation of PARACHUTES or XFOIL takes at 
most a few minutes on a modest desktop computer. Nevertheless, this can not be 
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achieved without a proper parametrization of the geometry and configuration of the 
conditions. In this regard, it is also important to say that the discretization requirements 
are also very small if compared to that in conventional CFD techniques requiring the 
discretization of the air surrounding the parachute. 
By using PARACHUTES, it has been demonstrated that a complete analysis of the 
aerodynamic performance, along with the consideration of viscous phenomenon when 
computing some parameters, can be done with remarkable accuracy on the results 
against common CFD simulation programs. Therefore, PARACHUTES has been proven 
to be an effective tool for the fast-simulation of paraglides with minimal computational 
requirements. 
 
Future work 
Further steps could be done to improve and compliment the analysis and results done in 
this project. First, by doing a coupled simulation along with the structural module that 
PARACHUTES offer. Furthermore, some maneuvers with different payload 
configurations could be conducted to improve and optimize the overall performance of 
the paraglide.  
Then, the study could be also complemented with 2D analysis using CFD simulation 
programs. This could assure even more accurate approximations for the complex 
phenomenon that occurs in the thickening and detachment process of the boundary 
layer, which involves turbulence flows and requires of complex theoretical approaches. 
A 2D analysis has not the computational and time requirements as a complete 3D 
analysis of the wing using CFD simulation programs. It has been proven, that the last 
can be performed with PARACHUTES. 
Finally, the implementation of the Shark nose technology could be studied to avoid some 
behaviour that has been noticed in this project. As explained previously, with the 
pressure coefficient and velocity contours programs it has been shown that the 
stagnation point concentrates in a significantly small region. For better performance of 
the paraglider is desired to have the maximum pressure possible inside the cells, hence 
to locate the stagnation point in the inlet region. However, stagnation point is not fixed 
along the profile, it moves according to incidence. In most paraglider designs, the inlet is 
located in the middle of the range and is rather large in size, which is the compromise 
that was accepted until now. With the implementation of the Shark nose (see Figure 
XXX), a concave part is added in the usual range of the stagnation point. This reduces 
significantly the stagnation point’s range and enables a satisfactory behaviour at both 
low and high angles of attack without added drag. Therefore, higher values of pressure 
can be obtained inside the paraglider for a wider range of angles of attack.  
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 Fig. 5. 1 Detail of the Sharknose technology implemented in a Niviuk paraglider [25] 
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Full table for the computation of lift coefficient (CL_total) and induced drag coefficient 
(Cdi): 
 
AOA CD Cfx Cfz CL_total CL^2 Cdi 
-20 0.16345246 -0.22360 -1.09200 -1.10262 1.21577097 0.12413022 
-18 0.12260349 -0.19600 -1.00000 -1.0116238 1.02338281 0.10448738 
-16 0.0896567 -0.16210 -0.89040 -0.9005882 0.81105916 0.08280914 
-14 0.06683458 -0.12300 -0.76960 -0.776496 0.60294601 0.06156079 
-12 0.04761106 -0.08863 -0.64590 -0.6502127 0.42277662 0.04316549 
-10 0.03167635 -0.05958 -0.52030 -0.5227414 0.27325861 0.0278997 
-8 0.01854576 -0.03661 -0.39380 -0.3950627 0.15607453 0.01593521 
-6 0.006826 -0.02139 -0.26880 -0.2695633 0.0726644 0.00741904 
-4 0.00187505 -0.00782 -0.13870 -0.1389076 0.01929533 0.00197005 
-2 0.00059021 0.00029 -0.00854 -0.0085286 7.2737E-05 7.4264E-06 
0 0.0031731 0.00317 0.11950 0.1195 0.01428025 0.00145801 
2 0.00740988 -0.00115 0.24540 0.24529078 0.06016757 0.00614311 
4 0.0142683 -0.01139 0.36750 0.36739931 0.13498226 0.01378169 
6 0.02350705 -0.02770 0.48740 0.48762541 0.23777854 0.02427719 
8 0.03566076 -0.04815 0.59890 0.59977273 0.35972733 0.03672816 
10 0.05020658 -0.07373 0.70730 0.7093576 0.50318821 0.05137552 
12 0.06705252 -0.10360 0.81010 0.81393702 0.66249348 0.06764058 
14 0.08634459 -0.13720 0.90720 0.91344397 0.83437988 0.08519019 
16 0.07437558 -0.17400 0.99860 1.00787683 1.0158157 0.10371478 
18 0.13212564 -0.21330 1.08400 1.09685859 1.20309876 0.12283638 
20 0.1585614 -0.25470 1.16300 1.17997505 1.39234112 0.14215803 
3 0.01058824 -0.00550 0.30720 0.30706684 0.09429004 0.00962701 
9 0.04257982 -0.06043 0.65370 0.6551052 0.42916283 0.04381752 
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Full table for the computation of the total drag: 
AOA Cdi CDperfil_total CL_Total CD_TOTAL CL_Total 
-20 0.12413022 0.017893127 -1.102897073 0.14202334 -1.1028971 
-18 0.10448738 0.014531004 -1.011608408 0.11901839 -1.0116084 
-16 0.08280914 0.011590325 -0.900610293 0.09439947 -0.9006103 
-14 0.06156079 0.010507436 -0.776527445 0.07206822 -0.7765274 
-12 0.04316549 0.009758616 -0.650260031 0.05292411 -0.65026 
-10 0.0278997 0.009376563 -0.522742258 0.03727627 -0.5227423 
-8 0.01593521 0.009127838 -0.395027602 0.02506305 -0.3950276 
-6 0.00741904 0.009016403 -0.269544223 0.01643544 -0.2695442 
-4 0.00197005 0.009037718 -0.138920157 0.01100777 -0.1389202 
-2 7.4264E-06 0.009144533 -0.008530094 0.00915196 -0.0085301 
0 0.00145801 0.009113764 0.11952268 0.01057178 0.11952268 
2 0.00614311 0.009175118 0.245253191 0.01531823 0.24525319 
4 0.01378169 0.009439484 0.367364928 0.02322117 0.36736493 
6 0.02408619 0.009952072 0.485682569 0.03403826 0.48568257 
8 0.03672816 0.010788112 0.599726756 0.04751627 0.59972676 
10 0.05137552 0.012181118 0.709333355 0.06355663 0.70933336 
12 0.06764058 0.014384227 0.813915298 0.08202481 0.8139153 
14 0.08519019 0.018322503 0.913491447 0.10351269 0.91349145 
16 0.10371478 0.025082048 1.00201907 0.12879683 1.00201907 
18 0.12283638 0.036008491 1.0968901 0.15884487 1.0968901 
20 0.14215803 0.052387947 1.180370149 0.19454597 1.18037015 
3 0.00960817 0.009281036 0.306758225 0.01888921   
9 0.04381752 0.011406646 0.655119029 0.05522417   
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Polar approximation curve for Flight Condition 2: 
 
Drag separation coefficient for a range from [-10º,13º]. Hence, this is the difference 
between the values that define the approximated polar curve and the values obtained 
using the equations in the graph: 
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2D analysis of airfoil 1 using XFOIL 
 
 
 
 
 
 
 
 
 
 
 
 
Cp vectors over airfoil 1 for AOA = 9º with FC2 
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Cp vectors over airfoil 1 for AOA = 5.5º with FC2 
